INTRODUCTION {#SEC1}
============

Oxidative stress is considered a risk factor in several neurodegenerative diseases. Huntington\'s disease (HD) is a progressive neurodegenerative disorder caused by expansion of CAG repeats in the *huntingtin (HTT)* gene, with the length of the repeats being the main determinant of the age of onset ([@B1]). In HD patients and in mouse models, expression of mutant HTT (expanded allele sizes ranging CAG 35--121) is associated with increased formation of reactive oxygen species (ROS) and accumulation of oxidative damage to DNA, proteins and lipids. Thus post-mortem brains of HD patients contain higher than normal levels of DNA 8-oxo-7,8- dihydro-2′-deoxyguanosine (8-oxodG) ([@B3]). In *HTT* knock-in R6/2 or R6/1 mouse models, replicating most of the clinical and pathophysiological hallmarks of HD ([@B4],[@B5]), progression of the disease is associated with increased levels of DNA 8-oxodG ([@B6]). Accumulation of 8-oxodG in mitochondrial DNA of the striatum, the target tissue for neurodegeneration, is also observed in a chemical model for HD ([@B7],[@B8]).

How oxidative stress mediates trinucleotide repeats (TNR) expansion is however not fully understood. DNA repair proteins can influence somatic CAG repeat expansion and mismatch repair (MMR) and base excision repair (BER) proteins are expansion-inducing factors in brain tissues of HD mouse models ([@B9]). The current model for BER-mediated TNR expansion ([@B12]) relies on initial removal of DNA 8-oxodG by the OGG1 DNA glycosylase, the incision of the resulting abasic site by the apurinic/apyrimidinic (AP)-endonuclease-1 (APE1) producing 3′OH and 5′-deoxyribosephosphate (5′-dRP) groups at the ends, gap-filling reactions and repair completion by polymerase β (POL β), flap endonuclease 1 (FEN1) and DNA ligase (LIG1) enzymes through long-patch BER pathway (LP BER). The repetitive nature of TNR regions may pose problems for LP BER. TNR sequences are prone to self-anneal and long 5′ flaps can form secondary structures (hairpins) that by inhibiting FEN1 activity ([@B14],[@B15]) might favor integration into the genome. TNR expansion is affected by the loss of coordination between POL β and FEN1 ([@B12],[@B16]) and the stoichiometry of BER enzymes is correlated with the tissue selectivity of somatic CAG expansion in R6/2 and R6/1 mice ([@B17],[@B18]).

Each LP BER event involves the insertion of a limited number of nucleotides and the occurrence of 'toxic oxidation cycles' involving several rounds of OGG1-initiated BER has been suggested to underlie TNR expansion ([@B19]).

In oxidative stress conditions, an oxidized dNTPs pool might also affect the amount of 8-oxodG introduced into DNA during repair synthesis. Here, we report that 8-oxodGMP can be incorporated by POL β opposite adenine with formation of 8-oxodG:A mismatches. The possible contribution to TNR expansion from the MUTYH DNA glycosylase, which removes adenine incorporated opposite unrepaired 8-oxodG ([@B20]), has also been investigated. Our *in vitro and in vivo* results are consistent with a model where an oxidized nucleotide pool and MUTYH, in addition to OGG1, POL β and FEN1, all contribute to TNR expansion in non-dividing cells.

MATERIALS AND METHODS {#SEC2}
=====================

Reagents {#SEC2-1}
--------

8-oxodGTP was obtained from TriLink (TriLink BioTechnologies, San Diego, CA 92121, USA), dNTPs were from Sigma (Sigma-Aldrich, Corporate Offices St. Louis, MO 63103, USA) and 2-OH-dATP was purchased from Jena (Jena Bioscience GmbH 07749 Jena, DE). Oligonucleotides, 5′ end labeled with 6-carboxyfluorescein (6-FAM) or Texas Red dyes, containing one or more 8-oxodG bases as internal modifications were from ThermoFisher (ThermoFisher Scientific, Ulm, Germany). Primers and unmodified oligomers were from Integrated DNA Technologies (IDT, Coralville, IA, USA). Human recombinant BER proteins OGG1 and APE1 were obtained from Trevigen (Trevigen Inc. Gaithersburg, MD 20877, USA) and LIG1 was from MyBioSource (San Diego, CA, USA).

Mice {#SEC2-2}
----

A colony of R6/2 ([@B21]) transgenic and littermate wild-type (WT) mice was maintained at Charles River Laboratories (Calco, Italy). Male and female genotyped mice, usually not younger than 4.5 weeks of age, were delivered and housed in our animal facilities until the end of the experiments. All studies were conducted in accordance with the principles and procedures outlined in the EU (European Community Guidelines for Animal Care, DL 116/92, application of the European Communities Council Directive, 86/609/EEC), FELASA and ARRIVE guidelines. The animals were kept under standardized temperature, humidity and lighting conditions, and had free access to water and food. All efforts were made to reduce the number of animals used and to minimize their suffering.

On the 8th and 12th weeks of age, in early and frankly symptomatic phases, respectively, animals were sacrificed by cervical dislocation; the brain was removed quickly from the skull and selected brain areas (striatum, motor cortex and cerebellum) rapidly dissected out and frozen on dry ice.

Extract preparations from cells and tissues {#SEC2-3}
-------------------------------------------

Cell extracts from human gastric adenocarcinoma (AGS) lines were prepared ([@B22]). Striatum, motor cortex and cerebellum were dissected from 8- and 12-week- old R6/2 transgenic and WT mice. Briefly proteins were extracted by mechanical homogenization in a lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA pH 8, 0.25% sodium deoxycholate, 1 mM NaF, 1 mM DTT, 0.5 mM PMSF, 1% NP-40) containing a cocktail of protease inhibitors (Complete mini, Roche). Protein concentrations were determined using a Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA).

Primer extension experiments and incorporation kinetics analysis {#SEC2-4}
----------------------------------------------------------------

Primer/templates were obtained by annealing 5′-end 6-FAM labeled primers to the template strand at 1:2 molar ratio (legend to the Figures and Supplementary Table S1). In a standard reaction, primer/templates (160 nM) were pre-incubated with POL β (0.1 U)(Trevigen) at 37°C for 1 min in the assay buffer (50 mM Tris-HCl, 10 mM MgCl~2~, 10 mM KCl, 1 mM DTT, 1% glycerol), then 8-oxodGTP or dGTP and dTTP were added at increasing concentration and the reaction allowed for 1 h at 37°C. Reaction products were separated by 20% denaturing polyacrylamide gel electrophoresis (PAGE). Bands were visualized by fluorescence emission by Typhoon 9200 Gel Imager (GE healthcare, Uppsala, Sweden). Band analysis was performed by *ImageJ* software (available at <http://imagej.nih.gov/ij/>). The percentage of incorporated dNMP was plotted as a function of the added dNTPs. Data were fitted by Kaleidagraph software (Kaleidagraph, Synergy Corp., USA). Kinetics parameters were evaluated according to ref. ([@B23]). POL β incorporation of 2-OH-dATP was followed on a CTG repeat 100-mer (T2, Supplementary Table S1) annealed to a 22 nt primer oligomer ended at the C of the first repeat (S3).

BER of oxidative lesion in TNR by AGS cell extracts and purified enzymes {#SEC2-5}
------------------------------------------------------------------------

Duplex substrates were obtained by annealing S5/S7 and S8 oligomers to T2 complementary strand at 1:2 molar ratios (Supplementary Table S1). A nicked substrate was prepared by annealing a 22 nt (S1) and a 77 nt oligomer (S4) to a 100-mer complementary strand (T1) at 1:1:3 molar ratios. A 100 bp random sequence duplex containing an 8-oxodG was obtained by S6 and T3 oligomers.

For *in vitro* BER reconstitution with purified enzymes, 100 bp DNA duplexes (40 nM) containing the oxidative lesion were pre-incubated with purified OGG1 (0.25 U) and APE1 (1.5 U) at 37°C for 1 h and then incubated at 37°C for 1 h with POL β (80 nM), or POL β + LIG I (100 U) in the presence of 50 μM dNTPs in 50 mM Tris-HCl, pH 7.5, 50 mM KCl, 5 mM MgCl~2~ buffer (buffer A). Repair reactions with AGS cell extracts were performed by incubating the OGG1/APE1-digested products in buffer A containing 50 μM dNTPs and 30 μg of cell extracts either in the absence or in the presence of purified POL β (80 nM). LIG1 (100 U) reaction was allowed after addition of ATP 4 mM. POL β was purified as described in ref. ([@B24]). Reaction products were separated by 15% denaturing PAGE at 500 V for 2.5 h at 50°C.

MUTYH DNA-glycosylase assay and POL β-directed resynthesis {#SEC2-6}
----------------------------------------------------------

A DNA substrate containing an 8-oxodG:C and an 8-oxodG:A mispair was obtained by annealing two 36-mer oligonucleotides labeled at their 5′ ends with Texas Red (S9 in Supplementary Table S1) or with 6-FAM (S10), respectively. In a standard OGG1 assay, DNA substrate (10 nM) was incubated with the purified OGG1 (0--20 nM) in 20 mM Tris-HCl pH 8.0, EDTA 1 mM, DTT 1 mM, BSA 1 mg/ml (buffer B) at 37°C for 30 min. Human recombinant MUTYH was obtained by expression and purification as fusion maltose binding protein as previously described ([@B25]). In a standard MUTYH activity assay the DNA substrate (10 nM) was incubated with purified MUTYH (20 nM, active fraction) in buffer B containing NaCl 80 mM at 37°C for 30 min. Reactions were stopped by NaOH addition and heating at 90°C for 5 min. For POL β directed gap-filling reactions, DNA duplexes (10 nM), previously treated with OGG1 or MUTYH and APE1 were incubated with increasing amount of POL β (0.25, 0.75 and 1U) in the presence of dNTP for 30 min at 37°C. Reaction products were resolved on 20% denaturing PAGE and gel images analyzed as described before.

A 100-mer DNA substrate containing an 8-oxodG:A mispair (S11-T4 in Supplementary Table S1) was pre-incubated with purified MUTYH (150 nM) and APE1 (1.5 U) and then further incubated (at 37°C for 1 h) with POL β (80 nM), or POL β plus LIG 1 (100 U) as indicated above.

Western blotting {#SEC2-7}
----------------

Proteins extracts (40 μg) from striatum, motor cortex and cerebellum were separated on 4--12%-SDS polyacrylamide gels (Novex Pre-Cast gels, Invitrogene) and transferred to nitrocellulose membranes with a TransBlot cell apparatus (Bio-Rad). α-POL β (ab26343; 1:500, Abcam, Cambridge, UK), α-FEN1 (Abcam, Ab17993; 1:500), α-OGG1, (Abcam, Ab135940; 1:500), α-p53R2, (Abcam, Ab8105; 1:1000), APE1/Ref1 (sc5572; 1:100, Santa Cruz Biotechnology, USA), α-MUTYH (Abcam, Ab55551; 1:500) primary antibodies were used with α-β-Tubulin (Sigma, T5293; 1:2000) and α-LAMIN B1 (Abcam, ab16048; 1:10 000). Immunoreactions were detected with appropriate α-rabbit or α- mouse peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, 1:10 000) and the ECL Western blotting detection Kit (Advansta). Signals were captured with ChemiDoc XRS system (Biorad) and quantified with Image Lab software.

Analysis of 8-oxodG by HPLC/EC {#SEC2-8}
------------------------------

8-OxodG analysis was obtained by high-performance liquid chromatography with electrochemical detection (HPLC/EC) as previously described ([@B7]).

RESULTS {#SEC3}
=======

Oxidized purine triphosphates incorporation by POL β in TNR sequences {#SEC3-1}
---------------------------------------------------------------------

In conditions of oxidative stress the nucleotide pool is susceptible to damage and both 8-oxodGTP and 2-OH-dATP are substrates for incorporation into DNA and contribute to enhanced mutagenesis ([@B26]). Here, we investigated whether these oxidized triphosphates can be utilized by purified human POL β during BER at TNR sequences. In non-repetitive sequences POL β preferentially incorporates 8-oxodG opposite a template A ([@B29]). The capacity of POL β to use an oxidized triphosphate was analyzed by primer extension reactions and two substrates were used to evaluate incorporation of 8-oxodGMP opposite a C or A template nucleotide (Figure [1A](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). Incorporation of 8-oxodGMP was compared to that of a natural dGMP or dTMP and steady-state incorporation kinetics analysis are shown in Figure [1B](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}. The efficiency of incorporation of 8-oxodGMP opposite C was 17.5-fold lower than that of dGMP. In contrast, 8-oxodGMP incorporation in front of A is disfavored only 3-fold over the canonical dTMP incorporation (Table [1](#tbl1){ref-type="table"}).

![Incorporation of 8-oxodGMP and 2-OH-dAMP in TNR sequences. (**A** and **B**) Incorporation of dGMP and 8-oxodGMP opposite cytosine. (**A**) The primer/template sequence and representative gels are shown. Primer/template substrate (160 nM) (S1/T1) was incubated with POL β and increasing concentration of 8-oxodGTP or dGTP at 37°C for 1 h (0--30 μM and 0--3 μM, respectively). M is the DNA substrate without enzyme. Reaction products were separated by 20% denaturing PAGE at 500 V for 2.5 h. Bands were visualized by fluorescence emission by Typhoon scanner and the analysis of the band intensities was performed by *ImageJ* software. (**B**) Percentage of incorporated dNMP plotted as a function of added dNTPs. Data were fitted by Kaleidagraph software to evaluate kinetics parameters. (**C** and **D**) Incorporation of 8-oxodGMP and dTMP opposite adenine. Primer/template sequences is S2/T1 (Supplementary Table S1). Experimental conditions and analyses were as described above. The concentration range of 8-oxodGTP and dTTP was 0--2 μM and 0--1 μM, respectively. (**E**--**F**) Incorporation of 2-OH-dAMP and dAMP in CAG/CTG repeat sequence. (**E**) Primer/template sequence is S3/T2 (Supplementary Table S1); (**F**) Primer/template duplex (160 nM) was incubated with POL β (0.1U) in 10 μl reaction buffer in the absence of dNTP (lane 1), after addition of 2-OH-dATP (lane 2), dGTP and 2-OH-dATP (lane 3); 2-OH-dATP, dGTP and dCTP (lane 4), dATP (lane 5); dATP and dGTP (lane 6), dATP, dGTP and dCTP (lane 7). All nucleotide triphosphates were at 10 μM final concentration. Reaction products were separated by 15% denaturing PAGE and image acquisition and analysis was performed as described before.](gkw170fig1){#F1}

###### Kinetic parameters for incorporation of 8-oxodGMP in a CAG repeat template by POL β

  Sample   dNTP        K~m~ (μM)       V~max~ (pmol min^−1^)   f ~inc~         Selectivity index
  -------- ----------- --------------- ----------------------- --------------- -------------------
  1        8-oxodGTP   1.38 ± 0.36     0.0087 ± 0.0004         5.7 × 10^−2^    17.5
           dGTP        0.18 ± 0.02     0.0195 ± 0.0004                         
  2        8-oxodGTP   0.15 ± 0.01     0.0015 ± 0.0003         29.3 × 10^−2^   3.4
           dTTP        0.057 ± 0.004   0.0020 ± 0.0003                         

^1^Primer/template obtained by annealing S1 and T1 strand (reported in Supplementary Table S1).

^2^Primer/template obtained by annealing S2 and T1 strands (reported in Supplementary Table S1).

f ~inc~ is the incorporation frequency, calculated as (V~max~/K~m~)~8-oxoGTP~/(V~max~/K~m~)~dGTP~; selectivity index is defined as 1/f ~inc~.

In random sequences incorporation of 2-OH-dAMP by bacterial DNA polymerases lead to the formation of 2-OH-dA:C and 2-OH-dA:G mispairs ([@B34],[@B35]). In contrast at repeated sequences, POL β was able to incorporate this oxidized monophosphate only opposite template T, with no apparent formation of other types of mismatches, even at high 2-OH-dATP concentrations (Figure [1E](#F1){ref-type="fig"} and data not shown).

We conclude that also in a TNR context 8-oxodGMP can be incorporated by POL β opposite either C or A. Similarly to a previous report in non-repeated sequences ([@B33]), an almost equivalent insertion of 8-oxodGMP and dTMP opposite A is observed. Finally the presence of 2-OH-dATP in an oxidized pool is unlikely to introduce new mispairs during POL β-mediated repair synthesis.

We then investigated whether POL β was able to form multiple 8-oxodG:C or 8-oxodG:A mispairs when 8-oxodGTP substituted dGTP in the dNTPs pool (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). In a CAG/CTG primer template incorporation of 8-oxodGMP opposite C (C1) can occur (Figure [2A](#F2){ref-type="fig"}, lane 2). Addition of dCTP allows extension of the 8-oxodG:C mispair (lane 3). In the presence of both dCTP and dATP further incorporation of 8-oxodGMP occurred at the 2nd and 3rd C of the next repeats, indicating that multiple oxidized bases are inserted (lanes 4 and 5). As expected using unmodified dNTPs, dGTP was efficiently incorporated (lane 6) and the dG:dC terminal pair was extended by adding dCTP (lane 7) and the other dNTPs (lanes 8 and 9).

![Incorporation and extension of 8-oxodGMP by POL β. Primer/template (160 nM) (Supplementary Table S1, S3/T2 panel A; S1/T1 panel B) were used. Both substrates were incubated with POL β (0.1 U) and 8-oxodGTP or dGTP and others dNTPs (50 μM final concentration each). (**A**) Lane 1, primer; lane 2, 8-oxodGTP; lane 3, as lane 2 plus dCTP; lane 4, as lane 3 plus dATP; lane 5, as lane 4 plus dTTP; lane 6, primer plus dGTP; lane 7, as lane 6 plus dCTP; lane 8 as lane 7 plus dATP; lane 9, as lane 8 plus dTTP. (**B**) Lane 1, primer; lane 2, primer plus 8- oxodGTP; lane 3, as lane 2 plus dCTP; lane 4 as lane 3 plus dTTP; lane 5, as lane 4 plus dATP; lane 6, primer plus dGTP; lane 7, as lane 6 plus dCTP; lane 8 as lane 6 plus dTTP and dATP. (**C**) The DNA substrate (160 nM) was built by annealing three oligomers of 22, 77 and 100 bases respectively indicated as S1, S4 and T1 in Supplementary Table S1, in order to produce a preformed nicked duplex containing CTG/CAG repeats. Incorporation of dGTP and 8-oxodGTP (lanes 1 and 4) and elongation (lanes 2 and 5) was obtained by incubating the substrate (lane 3) with POL β (0.1 U) at 37°C for 1 h.](gkw170fig2){#F2}

In a CTG/CAG primer template, the first 8-oxodG:C mispair (C1) (Figure [2B](#F2){ref-type="fig"}, lane 2) is elongated in the presence of dCTP with a clear band due to a second 8-oxodGMP incorporated opposite A (A1) (lane 3). Addition of dTTP allowed further 8-oxodGMP incorporation events opposite C with a pause in correspondence of the A2 template (lane 4 and 5). As previously observed on CAG/CTG, incorporation of dGMP and chain extension was efficient (lanes 6--9). Similar experiments were performed on a substrate containing a gap in the CTG/GAC repeats (Figure [2C](#F2){ref-type="fig"}). It has been shown that repair synthesis by POL β occurs via LP BER pathway at repeated sequences ([@B16]). We confirmed these results and, after the initial insertion of a G opposite C1, the repair patch contained more than 10 nucleotides (Figure [2C](#F2){ref-type="fig"}, lanes 1 and 2). When dGTP was substituted with 8-oxodGTP, multiple mismatches containing the oxidized purine were formed by POL β (lanes 3--5).

In conclusion these results indicate that, in the presence of oxidized dNTPs, repair synthesis by POL β results in the formation of clustered oxidative lesions introduced into repeated sequences.

Effects of an oxidized pool on expansion of TNR sequences during BER {#SEC3-2}
--------------------------------------------------------------------

We then investigated whether 8-oxodGTP can be inserted during POL β-mediated repair synthesis and allow expansion of a TNR-containing substrate. We initially verified on a consolidated model system whether TNR expansion occurred in the presence of purified BER proteins and unmodified dNTPs ([@B16]). A 100 bp DNA duplex containing 20 CAG repeats and a single 8-oxodG located in the first repeat unit was reacted with purified OGG1 and APE1 (Figure [3](#F3){ref-type="fig"}, panel A, lane 1) and the nicked duplex was incubated either with POL β (lane 2) or with POL β supplemented with LIG1 (lane 3 and 4). Reaction products were then analyzed by denaturing PAGE and single stranded oligonucleotides of 100 nt, 109 nt, 115 nt were used as markers. Processing of the cleaved substrate by POL β resulted in the formation of repair intermediates (RI) containing more than 5 TNR (shown by densitometric scans at the bottom of the gel). Following LIG1 addition, RI were resolved into products longer than 100-mer (duplicate runs in lane 3 and 4). A close-up view of the densitometric scans of the region containing 100--115 nt (panels on the right of the gel) also points out the shift in molecular weights of repair products consistent with an expanded substrate. In contrast, and as previously reported ([@B16]), no products longer than 100 nt were observed when 8-oxodG was located in a random sequence (Supplementary Figure S1, lane 3 and 4). In this case the lesion was essentially repaired *via* short-patch BER.

![TNR expansion by purified proteins and AGS cell extracts. A 100 bp duplex, 5′-end 6-FAM labeled, containing 20 CAG repeats and a single 8-oxodG (G\*) (S5 and T2 oligomers in Supplementary Table S1) was pre-incubated with OGG1 and APE1 enzymes (Panels **A**--**C**, lanes 1) and then further processed in the conditions described below. Reaction products were separated by 15% denaturing PAGE. M is a mix of 100 nt, 109 nt and 115 nt markers. (**A**) POL β (lane 2) and duplicate runs of samples containing POL β plus LIG1 (lanes 3--4). Densitometric profiles of RI in lane 2 are shown at the bottom of pane**l** A. A close-up view of the densitometric scan of lanes 2 and 3 in the 100--115 nt region is shown at the right of the gel. (**B**) AGS cell extracts (30 μg) (lane 2); AGS extracts supplemented with LIG1 alone (lane 3), or supplemented with POL β (lane 4), and POL β plus LIG1 (lane 5). Densitometric profiles of RI in lanes 2 and 4 are at the bottom of panel B. Densitometric scan of lanes 3 and 5 in the 100- 115 nt region is shown at the right of the gel. (**C**) AGS cell extracts supplemented with POL β in the presence of dGTP (50 μM) (lane 2), oxidized dGTP (500 μM) (lane 4) and the other dNTPs (50 μM); LIG1 supplementation is in lane 3 and 5. Densitometric profiles of RI in lanes 2 and 4 are reported at the bottom of the gel, those in the 100--115 nt region are on the right.](gkw170fig3){#F3}

It has been shown that expansion of repeated sequences, initiated by an OGG1-mediated repair event, can be modulated by BER protein stoichiometry ([@B16]). Thus, BER was studied in AGS cell extracts in the presence or the absence of additional purified POL β. These gastric cancer cells contain increased levels of APE1 and POL β BER proteins (8-fold and 2-fold, respectively, in comparison to mouse embryo fibroblasts) (Supplementary Figure S2). When the OGG1/APE1-treated model substrate (Figure [3B](#F3){ref-type="fig"}, lane 1) was incubated with AGS cell-free extracts supplemented with canonical dNTPs, a limited number of RI containing up to two TNR was observed (lane 2). When the stoichiometry of BER factors was further altered by supplementing the extracts with purified POL β, RI containing more than 5 TNR were observed (lane 4). After LIG1 supplementation, full-length products longer than 100 nt were obtained (lanes 3 and 5). Densitometric scans of the various lanes showing modulation of RI are presented at the bottom of the gel. Panels on the right of the gel show the shift in molecular weights of repair products consistent with an expanded substrate.

When POL β-supplemented AGS extracts were incubated with dNTPs where 8-oxodGTP substituted dGTP, the number of RI was only slightly reduced in comparison to the pattern observed with canonical dNTPs (Figure [3C](#F3){ref-type="fig"}, lanes 2 and 4, respectively and densitometric scans at the bottom of the gel). In agreement with previous results ([@B16]) POL β-mediated DNA synthesis caused a pattern of periodicity with pausing occurring after dAMP incorporation (Figure [3C](#F3){ref-type="fig"}, lane 2). In addition to the regular pausing at adenine, further pausing after 8-oxodGMP addition was detectable (Figure [3](#F3){ref-type="fig"}, compare lane 2 and 4). After LIG1 supplementation, the reaction products display a broad length distribution with fragments longer than 100 nt in both cases (lanes 3 and 5 and densitometric scans on the right of the gel).

In conclusion, repair synthesis by POL β supplemented-AGS cell extracts in the presence of 8-oxodGTP results in the formation of multiple mispairs containing oxidized bases, with a minor limitation of TNR expansion.

To investigate whether multiple insertion of 8-oxodGMP in the same DNA duplex could be further processed by BER, 100-mers with two 8-oxodG located at a distance of 2 or 7 TNR were annealed to the complementary strand and the resulting duplexes were used as substrates for repair synthesis reactions following digestion with OGG1 and APE1 (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). The majority of the products, most likely derived from doubly nicked substrates, run as a 22 nt and only a small amount of singly cleaved molecules at the 8-oxodG in position 31 or 46 was observed (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}, lanes 2). Incubation of these substrates with AGS cell extracts produced several RI starting from both cleaved sites (lanes 3). Further addition of POL β resulted in RI of increased length in both substrates (lanes 4). Thus, multiple and closely spaced oxidized lesions inserted during POL β-mediated repair synthesis can be independently processed in further rounds of OGG1-initiated BER.

![LP BER in TNR repeats containing multiple oxidative lesions and 8-oxodG:A repair. The 100 bp duplexes, labeled at the 5′ end with 6-FAM (160 nM), containing 20 uninterrupted CAG repeats and two 8-oxodG bases (indicated as G\*) were used. To obtain a different separation between the lesions, 8-oxodG were located at the (**A**) 1st and 4th repeat or at the (**B**) 1st and 9th repeat. The complete sequences of the oligomers are S7 and S8 (G\* strand) and T2 (complementary strand)(Supplementary Table S1). (**A** and **B**) untreated samples (lanes 1); samples incubated with OGG1 and APE1 (lanes 2); products obtained after substrate incubation with AGS extracts (lanes 3) and AGS extract supplemented with POL β (lanes 4). Reaction products were separated by 15% denaturing PAGE. (**C**) A 36-mer DNA substrate containing an 8-oxodG:C and an 8-oxodG:A mispair in a CTG/CAG repeat context (S9 and S10 oligomers in Supplementary Table S1). Top strand containing the oxidative lesions was 5′ end labelled with Texas red dye; bottom strand was 5′ end labeled with 6-FAM. The red and green arrows indicate the putative excision sites of OGG1 and MUTYH enzymes respectively. (**D**) DNA substrate (10 nM) was reacted with increasing concentrations of purified OGG1 (0--20 nM) at 37°C for 30 min. (**E**) DNA substrate (10 nM) rea**c**ted with increasing concentration of purified MUTYH (0--20 nM) at 37°C for 30 min. (**F**) POL β-directed gap-filling. DNA duplex (10 nM) previously treated with MUTYH and APE1 was incubated with increasing amounts of POL β (0.25, 0.75 and 1 U respectively in lanes 1--3) and 50 μM dATP, dCTP and dGTP for 30 min at 37°C. Reaction products were separated by 20% denaturing PAGE. The star and the arrow indicate the full-length oligomer and the reaction products positions, respectively. (**G**) The 100 bp substrate containing a single 8-oxoG:A mispair obtained by annealing S11 and T4 oligomers (Supplementary Table S1); the green arrow indicates the the potential excision site of MUTYH. (**H**) The DNA substrate pre-incubated with MUTYH and APE1 (lane 1) was incubated with POL β (duplicate runs in lanes 2 and 3) and POL β plus LIG1 (lane 4) in the presence of 50 μM dNTPs. M was a mixture of markers of different size.](gkw170fig4){#F4}

POL β-dependent repair synthesis from MUTYH-initiated BER {#SEC3-3}
---------------------------------------------------------

Since POL β incorporation of 8-oxodGMP lead to the formation of 8-oxodG:A mispairs we verified whether a purified human MUTYH was able to remove the A opposite 8-oxodG in the TNR sequence. A 36 bp duplex with an 8-oxodG:C mispair at the first of six CTG/GAC repeats and an 8-oxodG:A mispair at the fifth CTG/GAC repeat was constructed with Texas red and 6-FAM dye at the 5′ of the 8-oxodG and A strand, respectively (Figure [4C](#F4){ref-type="fig"}). The OGG1 and MUTYH potential cleavage sites are indicated in panel C with a red and a green arrow, respectively. Incubation of the duplex substrate with increasing concentrations of OGG1 (Figure [4D](#F4){ref-type="fig"} lanes 1--4) led to the formation of the expected 12 nt cleavage product and the integrity of the bottom strand (green band in the gel image) confirmed the substrate specificity of this enzyme. When MUTYH activity was investigated, an increase of the specific cleavage product paralleled the disappearance of the full-length substrate (top green band in Figure [4E](#F4){ref-type="fig"}). The cleavage is specific and no fragments deriving from digestion on the complementary strand were observed also in this case (red band in the gel image). When the products of MUTYH/APE1 reaction were incubated with increasing concentration of POL β, longer RI were observed, while a residue product at +1 nt position was still present (Figure [4F](#F4){ref-type="fig"}, lanes 1--3). The green arrow at the top of the gel indicates the borderline position with the random sequence (last nine nucleotides in the sequence).

We then verified whether the MUTYH-dependent incision of an 8-oxodG:A mispair triggered TNR expansion in the presence of other BER factors. A 100-mer substrate containing 20 repeats with the last one being an 8-oxodG:A mismatch was constructed (Figure [4G](#F4){ref-type="fig"}). Following incision with MUTYH and APE1 (Figure [4H](#F4){ref-type="fig"}, lane 1), expansion products were identified after POL β and ligase supplementation (lanes 2--4). Thus MUTYH can efficiently recognize and specifically incise 8-oxodG:A mispairs in a TNR sequence. In addition, the incorporation of several nucleotides by POL β resembles the LP BER of OGG1-mediated repair of 8-oxodG:C mismatch in TNR sequences.

DNA 8-oxodG and repair proteins levels in WT an R6/2 mouse brains {#SEC3-4}
-----------------------------------------------------------------

We then studied whether the conditions necessary for TNR expansion by aberrant BER processing were present in a mouse model for HD. We used the R6/2 transgenic mouse, which expresses exon 1 of the human HD gene with around 150 CAG repeats, and exhibits a progressive neurological phenotype ([@B21]). The expression level of several DNA repair proteins was then compared in WT and R6/2 mice. Areas affected (striatum and motor cortex) and non-affected (cerebellum) by TNR expansion were analyzed and representative westerns together with the results from four mice/genotype are shown in Figure [5](#F5){ref-type="fig"}. Both MUTYH and OGG1 DNA glycosylases were expressed in all these areas with no significant difference between wild-type and R6/2 mice (Figure [5A--C](#F5 F5){ref-type="fig"}). Similarly the genotype did not influence the level of expression of these enzymes in the motor cortex of 12-week old animals (Figure [5D](#F5){ref-type="fig"}). This indicates that the first steps in the recognition and processing of 8-oxodG-containing mismatches are unaffected by HTT expression.

![Western blot analysis of OGG1 and MUTYH protein levels in brain areas of WT and R6/2 mice. Western blot analyses of OGG1 and MUTYH proteins in whole extracts prepared from (**A**) striatum, (**B**) motor cortex, (**C**) cerebellum of 8 week-old WT and R6/2 mice. (**D**) Expression of the same genes in extracts prepared from the motor cortex of 12 week-old WT and R6/2 mice. Data in lanes 1--2 and 3--4 are derived from 2 WT and 2 R6/2 mice, respectively. The graphs show the quantification of Western blottings as ratios of DNA repair protein levels to tubulin (TUB). These data were obtained from independent extracts from 4 WT and 4 R6/2 mice. WT mice (WT, open bar); R6/2 mice (black bar).](gkw170fig5){#F5}

When POL β and FEN1 protein levels were analyzed in the same brain areas, POL β levels were significantly lower in the striatum and motor cortex of R6/2 mice than in WT mice at 8 weeks of age (Supplementary Figure S3A and B) and this difference was maintained in the motor cortex of disease mice at later times (12 weeks) (Supplementary Figure S3D, lanes 1--3 versus 2--4 and relative histograms). In the cerebellum unaffected by TNR expansion, POL β levels were similar in WT and R6/2 mice (Supplementary Figure S3C, lanes 1--2 versus 3--4). FEN1 levels were only slightly increased by mutant *HTT* expression in striatum and motor cortex (Supplementary Figure S3A, B and D). It is noticeable however that in WT mice the ratio between POL β and FEN1 is \>1, while an inverse trend is observed in these brain areas of R6/2 mice. This does not occur in the cerebellum (Supplementary Figure S3C). As already observed in R6/1 mice ([@B17]), tissue specific differences in POL β and FEN1 protein levels are present in brain areas of R6/2 mice. Thus, modification in the levels of POL β and FEN1 repair proteins in affected areas is coherent with an unbalanced BER associated with disease occurrence in R6/2 mice ([@B17],[@B18]).

To verify whether increased DNA oxidation is present in mice undergoing TNR expansion, the levels of brain DNA 8-oxodG were compared in 12-week old WT and R6/2 mice (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). Compared to WT mice, DNA 8-oxodG levels were 1.4- and 1.9-fold higher in the R6/2 mouse striatum and motor cortex, respectively. When similar analyses were performed in the striatum of younger R6/2 mice (8-week old) similar levels of the oxidized purine were identified (0.36 ± 0.04 versus 0.32 ± 0.03 × 10^6^ dG at 8 and 12 weeks, respectively). This indicates that an increased level of DNA damage is an early event in this HD mouse model.

![Steady-state levels of 8-oxodG and expression of the p53R2 protein in brain areas of wild-type and R6/2 mice. Groups of WT (n = 10) and R6/2 mice (n = 10) were sacrificed and levels of 8-oxo-dG were determined by HPLC-EC in genomic DNA prepared from the indicated brain areas. DNA 8-oxodG levels in (**A**) striatum and (**B**) motor cortex of 12 week-old WT (WT, open bar) and R6/2 mice (grey ba**r**). Data are the mean±SE. The asterisks indicate significant differences by Student\'s *t*-test (\**P* \< 0.05; \*\**P* \< 0.02). Western blot analyses of p53R2 in whole extracts prepared from (**C**) striatum, (**D**) motor cortex and (**E**) cerebellum of WT and R6/2 mice. Data in lanes 1--2 and 3--4 are derived from 2 WT and 2 R6/2 mice, respectively. The graphs show the quantification of Western blottings as ratios of DNA repair protein levels to TUB. Error bars indicate mean±SD from 3--4 independent determinations.](gkw170fig6){#F6}

Finally to investigate whether the dNTPs pool in the brain of R6/2 mice was exposed to an oxidative stress, we measured the level of the p53-inducible ribonucleotide reductase (p53R2). This enzyme is responsible for providing deoxyribonucleotides to quiescent cells exposed to genotoxic damage ([@B36]). Affected areas of 8-week old R6/2 (striatum and motor cortex) contained higher levels of p53R2 than the same areas in WT mice (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). Conversely, no increase in p53R2 expression was identified in non-affected areas such as the cerebellum (Figure [6E](#F6){ref-type="fig"}).

Thus, together with high levels of oxidized bases in the genome, we provide a strong indication of an oxidized dNTPs pool being present in the areas affected by neurodegeneration in this mouse model for HD.

DISCUSSION {#SEC4}
==========

The role of DNA repair in modulating TNR expansion has been extensively investigated and several *in viv*o and *in vitro* observations indicate that repair factors can affect the length of repeat tracts in HD, myotonic dystrophy and Fragile X-related disorders models ([@B9],[@B4],[@B11],[@B39]). These include some MMR factors as well as enzymes involved in BER of oxidized bases such as OGG1, NEIL1 and POL β ([@B12],[@B13],[@B41],[@B42]). Here, we confirm the involvement of BER enzymes in TNR expansion ([@B12],[@B13],[@B16],[@B17]). We also identified the oxidized dNTP pool as a source of multiple DNA mismatches leading to processing on both DNA strands by the MUTYH and OGG1 DNA glycosylases, suggesting that these glycosylases might play a role in TNR expansion.

We propose a novel model that integrates previous ones ([@B12],[@B40],[@B43]) (Figure [7](#F7){ref-type="fig"}). After an initial OGG1/APE1-mediated strand break, during POL β-dependent repair synthesis the downstream strand is progressively displaced and results in the formation of a flap. Due to the self-annealing property of TNR repeats as the flap length increases, because of the progression of the polymerase, the flap may fold. When the overall length of the flap is \>3 TNR, flap alternates between folded and unfolded conformations. At longer repeats stable hairpins can be formed which constitute a hindrance to FEN1 activity ([@B14],[@B15]). Here, we show that, during repair synthesis in the presence of an oxidized dNTPs pool, incorporation of 8-oxodGMP and its extension can result in clusters of 8-oxodG occurring in the same strand. In addition, due to the ascertained capacity of POL β to incorporate 8-oxodGMP opposite A, 8-oxodG:A mispairs can also be formed. Removal of A from the 8-oxodG:A mismatch by MUTYH DNA glycosylase initiates an independent round of BER with possible formation of a hairpin in the opposite strand. After ligation, this will favor the realignment into the sequence of the extra repeats, thus generating an expansion event in the absence of DNA replication. Processing of 8-oxodG:C and 8-oxodG:A mispairs located in close proximity by the OGG1 and MUTYH DNA glycosylases suggests that clustered lesions of this type can concur to TNR expansion. Recently we showed that POL β erroneously incorporates oxidized ribonucleotides in a TNR-containing sequence creating new substrates for MUTYH ([@B44]). Whether this also contributes to the expansion process remains to be ascertained. Finally, extrahelical CAG/CTG elements can also trigger the activation of the MMR MutSβ and MutLα complexes ([@B45],[@B46]), possibly misdirecting the MMR process and resulting in TNR expansion ([@B47]). It is presently unknown whether the non-canonical BER and MMR pathways are mutually exclusive or both contribute to repeat expansion in non-replicating DNA.

![Novel contributors in TNR expansion process. Following an initial incision event mediated by OGG1 and APE1 at an 8-oxodG site in the top strand (red, step 1), POL drives repair synthesis by LP BER. Long flaps might eventually fold in stable secondary structures (step 2). A faulty removal by FEN1 depending on flap conformations might leave hairpins with unligatable dRP ends (step 3). Removal of dRP by POL β allows ligation by LIG1 (step 4). If 8-oxodGTP is present in the dNTPs pool, 8-oxodGMP can be incorporated opposite A in the complementary strand creating a substrate for MUTYH (step 5). MUTYH activity on the bottom strand (blue) allows the initiation of a new repair event, as well as an elongation process on this side (step 6). Realignements of the strands will result in TNR expansion (step 7). Newly synthesized tracts are represented by full rectangles. The proposed model has been modified from refs. ([@B12],[@B16],[@B40]).](gkw170fig7){#F7}

An important part of our report is the demonstration that the requirements for our proposed expansion mechanism (i.e. the DNA repair factors, oxidized DNA and oxidized dNTP) are all present in brain areas affected by neurodegeneration in the R6/2 mouse model of HD. Oxidative stress produced by mutant HTT, a recognized feature of HD and the increased levels of DNA 8-oxodG identified in the genome of striatum and motor cortex of R6/2 mice are consistent with ROS selectively affecting some brain areas where TNR expansion occurs. Although in differentiated tissues the intracellular concentration of dNTPs is several-fold lower than during the S- phase ([@B48]), dNTPs levels must be sufficient for mitochondrial DNA synthesis and repair of DNA damage. Indeed in the presence of genotoxic damage deoxyribonucleotides of quiescent cells are provided mainly via the salvage pathway by a ribonucleotide reductase containing a p53-inducible R2 subunit ([@B36]). It is interesting that a DNA damage response is indeed fully activated in HTT cellular models ([@B49]). Although the information on 8-oxo-dGTP levels in the brain is limited to rat mitochondrial dNTP pools, the identified trace amounts of 8-oxo-dGTP have been shown to be sufficient to reduce DNA polymerase γ replication fidelity ([@B50]). We propose that in disease mice the levels of oxidized triphosphates might be much higher and contribute to the disease. Supportive evidence on the role of the oxidized dNTPs pool in neurodegenerative conditions comes from the work on mice defective or overexpressing MTH1, the hydrolase that degrades 8-oxodGTP and 8-oxoGTP and prevents accumulation of 8-oxoG in DNA and RNA ([@B51],[@B52]). An increased sensitivity of *Mth1^−/-^* animals has been indeed shown in a mouse model for Parkinson\'s disease ([@B53]), in kainate-induced excitotoxicity ([@B54]), inherited retinal degeneration ([@B55]), while hMTH1-overexpressing mice are resistant to NP- induced HD-like striatal neurodegeneration ([@B7]). The role of oxidized pool might help in explaining some unresolved questions about the onset of largely extended CTG/CAG repeated regions. The levels of 8-oxodG induced by oxidant exposures (in the range of 2--10 × 10^−6^ Guanines) makes it unlikely that multiple, closely spaced 8-oxodG lesions are the result of direct damage to the bases. Experimental evidence in cultured cells indicates that the nucleotide pool is a significant target for oxidative stress ([@B56]). OGG1 and MUTYH repair proteins are also expressed in several brain areas. This is not surprising in the case of OGG1, which is active in the repair of 8-oxodG:C mismatches throughout the cell cycle. In contrast, in cells in culture, MUTYH is expressed only during the S phase of the cell cycle ([@B57]). In the brain, however, where replication is mainly restricted to mitochondria, MUTYH expression is probably necessary for repairing DNA damage in these organelles. In the presence of excessive oxidative damage MUTYH-mediated intervention might become toxic. Although no information is available on a direct involvement of MUTYH in TNR expansion, the 3-NP neurotoxicity observed in *Ogg1^−/-^* mice is dependent on an active MUTYH in a chemical model for HD ([@B58]). In conclusion we propose that in the presence of oxidative stress, MUTYH, analogously to OGG1, might play a toxic role in the nucleus in modulating triplet-mediated expansion.
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